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Extracellular matrix regulates apoptosis in human neutrophils. During inflammation, polymorphonuclear neutrophils
Background. During inflammation, polymorphonuclear neu- (PMNs) leave the circulation and migrate into affected
trophils (PMNs) migrate into the affected tissue interacting tissue. PMNs are dominant in early inflammatory infiltrates
with extracellular matrix (ECM) proteins. We tested the hy-
of experimental glomerulonephritis and are detected inpothesis that PMN–matrix interaction affects PMN apoptosis.
several forms of human glomerulonephritis [1–3]. At theMethods. Apoptosis of human PMNs was detected by DNA-
inflammatory site, a cytokine-rich environment causesfragmentation assay and was quantitated by flow cytometry,
ultraviolet and light microscopy. Cell adhesion was assessed PMNs to generate reactive oxygen species, release pro-
by a toluidine blue assay, and cell spreading was detected by teolytic enzymes, and respond by phagocytosis. Adher-
phase contrast microscopy. Protein tyrosine phosphorylation ence to extracellular matrix (ECM) proteins or to otherwas studied using Western blotting and confocal microscopy.
cells accelerates the PMN response. Adhesion-dependentResults. PMN apoptosis was not different in unstimulated
activation in tumor necrosis factor-a (TNFa)-treatedcultures on either surface-adherent fibronectin or on Poly-
Hema, a surface that prevents cell adherence. However, tumor PMNs has been demonstrated for respiratory burst, de-
necrosis factor-a (TNFa) treatment significantly increased apo- granulation, and phagocytosis [4–7]. Furthermore, en-
ptosis on fibronectin (37 6 4%) compared with PolyHema gagement of b2 integrins increases the TNFa-stimulated(20 6 3%). Tests on other matrix substances revealed that the
PMN respiratory burst on certain matrix substances [4, 8].percentage of apoptotic PMNs in the presence of TNFa was
Recently, apoptosis was shown to be important for the8 6 1% on PolyHema, 26 6 4% on fibronectin, 17 6 2% on
resolution of inflammation. Apoptotic PMNs are recog-collagen I, 16 6 2% on collagen IV, and 16 6 3% on laminin
(P , 0.05 for all matrices compared with PolyHema). Preincu- nized and removed by phagocytes before they disintegrate
bation with genistein (50 mm) significantly inhibited TNFa- and release proteolytic constituents [9, 10]. It has been
mediated apoptosis on fibronectin (39 6 4% to 21 6 4%) but demonstrated in a rat model of immune complex glomeru-
not on PolyHema (21 6 4% to 16 6 4%). Genistein also
lonephritis that apoptosis is one of the mechanisms re-reduced PMN spreading on fibronectin. In contrast, inhibitors
sulting in resolution of neutrophilic infiltration [1]. PMNof mitogen-activated protein kinase and protein kinase C
showed no effect on PMN apoptosis. Fibronectin strongly in- apoptosis is regulated by a variety of cytokines that can
creased tyrosine phosphorylation of three 102, 63, and 54 kDa either delay [11–15] or accelerate [16–19] PMN apoptosis.
proteins. Five newly tyrosine-phosphorylated 185, 85, 66, 56, We and others have shown previously that TNFa treat-
and 42 kDa bands were also visible. Using confocal microscopy,
ment rapidly leads to apoptotic PMN cell death [16, 18,highest tyrosine phosphorylation was localized to sites of cell–
19]. We now tested the hypothesis that PMN–matrix inter-matrix interaction.
action affects PMN apoptosis, and found that TNFa-Conclusions. ECM influences apoptosis in TNFa-activated,
adherent, spreading PMNs. The process is regulated by tyrosine mediated apoptosis was significantly accelerated on fi-
phosphorylation. Acceleration of apoptosis may shorten the bronectin-coated surfaces. The effect was diminished by
PMN lifespan and thereby locally regulate inflammation. inhibitors of tyrosine phosphorylation but was not af-
fected by protein kinase C (PKC) inhibitors or by mitogen-
activating protein (MAP) kinase inhibitors. We identified
Key words: inflammation, human neutrophils, tumor necrosis factor five newly tyrosine-phosphorylated protein bands approx-a, genistein, polymorphonuclear neutrophils, cell death, tyrosine phos-
phorylation. imately 185, 85, 66, 56, and 42 kDa in size. Finally, spots
of highest tyrosine phosphorylation were localized at ad-
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This mechanism may be important for regulating the Culture conditions of human
polymorphonuclear neutrophilslifespan of PMNs actively engaged in inflammation.
Polymorphonuclear neutrophils 250 ml at 107/ml RPMI
without fetal calf serum were pipetted into 12-well tissueMATERIALS
culture plates (TPP-Company, Munich, Germany) that
Reagents were coated as described earlier here. Two hundred
The following reagents were purchased from Sigma forty-five ml of supplemented RPMI 1640 containing
20% heat-inactivated fetal calf serum were added fol-(Deisenhofen, Germany): propidium iodide (PI), mod-
lowed by 5 ml of TNFa (20 ng/ml) or an equal volumeified Wright Giemsa, 49,6 diamidino-2-phenylindole
of carrier protein containing PBS solution (0.5% BSA).(DAPI), ficoll-hypaque, bovine serum albumin (BSA),
The final cell concentration was 5 3 106 cells per ml.DNase-free RNase, poly-hydroxyl-ethyl-meth-acrylate
When indicated, cells were preincubated with 5 ml of a(PolyHema), poly-l-lysine, collagen I and IV, laminin
signal transduction inhibitor (or diluent control) for 15from human placenta, toluidine blue. Fibronectin from
minutes on ice prior to the stimulation with TNFa. Sam-human plasma was obtained from Boehringer Mannheim
ples were incubated at 378C in 5% CO2. After the indi-(Mannheim, Germany). Genistein, SB 202190, PD 98059,
cated times, cells were collected from PolyHema by pi-staurosporin, and calphostin C were purchased from Cal-
petting and from all other dishes by scraping. In somebiochem (Bad Soden, Germany). RPMI 1640, trypan
experiments, cells were stained either with Wrightblue, and phosphate-buffered saline (PBS) were obtained
Giemsa or with DAPI directly on the dish. All experi-from Seromed (Berlin, Germany). Plasmagel was ob-
ments were carried out in duplicate.tained from Cellular Products Inc. (Buffalo, NY, USA).
Recombinant TNFa was obtained from Genzyme (Ru¨s- Apoptosis measurements with propidium
selsheim, Germany). The phosphotyrosine antibody PY20 iodide-stained PMNs
was acquired from Transduction Laboratories (Lexing-
Flow cytometry was used to measure DNA contentton, KY, USA), 1G2 from Boehringer Mannheim, and
at the single-cell level as described previously [16]. Thehorseradish peroxidase-labeled goat antimouse from
method takes advantage of the fact that activated endo-Pierce (Munich, Germany).
nucleases generate low molecular weight DNA frag-
ments in apoptotic cells. After membrane permeabiliza-Human PMN isolation, cell count determination,
tion, these fragments leak out, resulting in decreasedand cell viability
DNA content in apoptotic cells, whereas DNA content
Polymorphonuclear neutrophils were isolated from
in nonapoptotic cells remains unchanged. Briefly, freshly
heparinized whole blood from healthy donors. The pro- isolated or cultured cells were spun at 200 g for five min-
tocol included red blood cell sedimentation by Plasmagel utes at 48C and were carefully resuspended in PBS con-
followed by Ficoll-Hypaque density gradient centrifuga- taining 0.5 mm ethylenediamenetetraacetic acid (EDTA).
tion and hypotonic red cell lysis. Cells were resuspended Chilled 95% ethanol was added to a final concentration
at 107 per ml in RPMI 1640 supplemented with 2 mm of 70%, and the cell mixtures were stored at 2208C for
glutamine and penicillin/streptomycin. Trypan blue ex- one to two days. PMNs were pelleted (200 g, 5 min at
clusion was used to determine cell viability. PMNs 10 ml 48C) and resuspended in 250 ml PBS/0.5 mm EDTA/1%
in suspension were incubated with 40 ml trypan blue BSA. Two hundred fifty ml PBS containing 200 mg
for five minutes at room temperature (RT). Cells were DNase-free RNase and 500 ml PBS containing 50 mg
counted in duplicate using a hemocytometer and were propidium iodide (PI) were added. Cells were held for
considered viable if able to exclude trypan blue. 15 minutes in the dark at room temperature and were
then stored at 48C for six to eight hours in the staining
Preparation of surfaces mixture, allowing low molecular DNA fragments to
Twelve-well tissue culture grade polystyrene plates leave permeabilized cells. PMNs were analyzed using a
were employed in studies on apoptosis and cell spread- fluorescent antibody cell sorter (FACscan; Becton Dick-
ing, whereas adhesion assays were done in 96-well poly- inson, Heidelberg, Germany), and 10,000 events per sam-
styrene plates. To achieve nonadherent conditions, wells ple were collected in listmode using Lysis II software
were coated with 500 ml of PolyHema (50 mg/ml) as for data acquisition and analysis.
described elsewhere [20]. The following agents were used
Cell staining with Wright Giemsa or DAPI andto achieve adherent conditions: fibronectin (10 mg/cm2),
sulforhodamin 101laminin (2 mg/cm2), collagen I (10 mg/cm2), collagen IV
(10 mg/cm2), and poly-l-lysine (10 mg/cm2). Coating was Cells were stained using either modified Wright
Giemsa stain or a solution containing 1 mg/ml 49,6 Dia-performed as suggested by the manufacturer.
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midino-2-Phenylindole (DAPI). Morphologic features Immunocytochemistry
of apoptosis, such as pyknotic nuclei, nuclear and cyto- The techniques we used for confocal microscopy are
plasmic condensation, and the formation of apoptotic described in detail elsewhere [21]. To analyze the effects
bodies were assessed by microscopy. of fibronectin on tyrosine phosphorylation in TNFa-
treated PMNs, unbound cells were removed by washing,
DNA fragmentation assay and adherent cells were fixed with 4% paraformaldehyde
DNA fragmentation was studied using isolated low and were permeabilized with 80% methanol at 2208C.
molecular weight DNA. Five 3 106 PMNs were incu- TNFa-treated PMNs that were cultured on PolyHema
bated in lysis buffer (0.5 mm Tris-HCl, pH 7.5, 20 mm did not adhere. These cells were collected by pipetting
EDTA, pH 8.0, 0.5% Triton X-100) for 30 minutes on followed by fixation and permeabilization as described
ice. Lysate was centrifuged at 20,000 g for 20 minutes at earlier here. After incubation with BSA 1% in phosphate
48C to select for low molecular weight DNA. Superna- buffer solution (BSA/PBS) for 60 minutes, the prepara-
tants were extracted twice with an equal volume of PCIA tion was incubated for one hour at RT with antiphospho-
(Tris-saturated phenol:chloroform:isoamyl alcohol at tyrosine antibodies (clone 1G2; Boehringer Mannheim)
25:24:1) and twice with CIA (chloroform:isoamyl alcohol diluted in PBS with 0.1% BSA (1:80), washed three times
at 24:1). DNA was precipitated at 2208C overnight by with PBS, and then exposed to the secondary antibody
adding 2.2 volumes of absolute ethanol in the presence (FITC-conjugated antimouse IgG, at 1:100, 1% BSA/
of 0.3 m sodium acetate, pH 5.2. After centrifugation at PBS; Dianova, Hamburg, Germany) for 60 minutes.
13,500 g for 20 minutes at 48C, the DNA pellet was air Control stainings in which the primary antibody was
dried and resuspended in TE buffer (10 mm Tris, 1 mm omitted were performed in parallel. The preparation was
EDTA, pH 8) containing RNase Plus (59-39). After incu- mounted with 50% glycerol under a glass coverslip on
bation for 30 minutes at 378C, DNA was quantitated, a Nikon-Diaphot (Tokyo, Japan) microscope. A Biorad
and 7.5 mg were electrophoresed in a 1.5% agarose gel MRC 600 confocal imaging system (Bio-Rad Labora-
containing 0.5 mg/ml ethidium bromide, visualized under tories, Freiburg, Germany) with an argon-krypton laser
ultraviolet light, and photographed. (488/568 nm wavelength) was used. Subcellular localiza-
tion of phosphorylated tyrosine was carried out with a
Western blotting pinhole setting of the confocal aperture resulting in a
PMNs were cultured on either PolyHema or fibronec- z-resolution of approximately 0.5 mm. Z-projections
tin in the absence or in the presence of TNFa (40 ng/ were calculated with the som/thruView software (Bio-
ml) as described earlier here. Samples were harvested Rad).
at the indicated time points, and cell lysates were pre- At least 30 cells from each of the three experiments
pared by resuspending 5 3 106 cells in 50 ml of ice-cold were examined under each experimental condition. The
lysing solution (20 mm Tris-HCl, pH 8.0, containing 138 reproducibility of the results was verified by two separate
mm NaCl, 1% Triton X-100, 2 mm EDTA, 10% glycerol, investigators. Quantitation of the signal intensity was
0.2 mm sodium orthovanadate, 1 mm phenylmethylsulfo- done with histogram/area functions in the MRC-Comos
nyl fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 0.1 software. The cells were outlined manually, and the cal-
mm quercetin, 5 mm iodoacetamide). Samples were culated mean fluorescent intensity was obtained. Data
stored for five minutes on ice and were centrifuged at are presented as the ratio of the mean fluorescent inten-
12,000 g for five minutes at 48C. Supernatant was recov- sity in the respective regions to the mean fluorescent
ered, and protein concentration was estimated by bicin- intensity of the whole cell area.
choninic acid protein assay (Pierce, Rockford, IL, USA).
Assessment of adhesion and spreading of PMNsSamples were incubated for five minutes at 958C in load-
ing buffer (250 mm Tris-HCl, pH 6.8, with 4% sodium Ninety-six–well plates coated with PolyHema, fibro-
dodecyl sulfate (SDS), 20% glycerol, 0.01% bromophe- nectin, or poly-l-lysine, respectively, were used for the
nol blue), and 50 mg protein per lane were loaded on 9% adhesion assay (coating as described earlier here). One 3
SDS-polyacrylamide gel, electrophoresed, and blotted 105 PMNs in 100 ml medium were either left untreated
onto polyvinylidene difluoride membrane by semidry or were treated with 20 ng/ml of TNFa with and without
technique. Membrane was blocked in 1% BSA/0.05% preincubation in genistein (50 mm) as described earlier
Tween/PBS overnight at 48C. Phosphotyrosine was de- here. Plates were incubated at 378C in 5% CO2 for the
tected using the monoclonal antibody PY20 (1:2,000 dilu- indicated time period. Wells were flicked dry and were
tion) and a horseradish peroxidase-labeled goat anti- washed three times with PBS, and adherent cells were
mouse IgG (1:1,000). Blot was developed by incubation fixed in 100 ml of 10% formalin for 15 minutes at RT.
in a chemiluminescence substrate (NEN Life Science Plates were stained overnight with 100 ml of toluidine
blue in 10% formalin. Plates were washed three timesProducts) and was exposed to an x-ray film.
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with copious amounts of distilled water before lysis in lished the apoptosis time course in untreated and TNFa-
treated PMNs on both surfaces in parallel using flow2% SDS for 10 minutes. Optical density (OD) was read
at 600 nm with a microtiter plate reader. Each experi- cytometry. Each time point was studied five times. The
results demonstrated no significant difference in unstim-ment was done in triplicate. Experiments confirmed the
relationship between cell number and OD by construc- ulated PMNs undergoing spontaneous apoptosis up to
28 hours (percentage of apoptotic PMNs on fibronectintion of a standard curve with OD measured for increasing
amounts of cells (N 5 5 for each cell concentration from vs. PolyHema at eight hr, 1 6 0.5% to 0.6 6 0.2%; at
12 hr, 3 6 2% to 1 6 1%; at 18 hr, 13 6 5% to 14 61 3 104 to 1 3 105). The r2 value for the standard curve
was 0983, indicating an excellent correlation between 6%; at 28 hr, 26 6 6% to 34 6 8%). However, apoptosis
was accelerated in PMNs on surface-attached fibronectinOD and cell number over the range tested. Cells on
PolyHema were assessed by phase contrast microscopy compared to PolyHema, when cells were treated with
20 ng/ml TNFa. At one hour, the percentage of apoptoticbecause the assay interfered with PolyHema. For estima-
tion of cell spreading, PMNs were cultured in 12-well cells on fibronectin and PolyHema was less than 1% for
both. At two hours, these values were 9 6 1% and 5 6plates as described earlier here. At the indicated time
points, nonadherent cells were discarded, and the per- 1% (P , 0.05). At four hours, the difference was 19 6
2% compared with 9 6 1% (P , 0.05). At eight hourscentage of spread cells was assessed. Each sample was
counted by two investigators using phase contrast mi- 28 6 2% PMNs on fibronectin were apoptotic, compared
with 11 6 2% PMNs exposed to PolyHema (P , 0.001).croscopy. At least 100 cells were counted, and those that
were phase dark, enlarged, and irregular were considered At 12 hours, these values were 25 6 2% compared with
9 6 1% (P , 0.001). No significant cell loss was observedto be spread.
over this time period, and cell viability exceeded 95%,
Statistical analysis as determined by trypan blue exclusion (data not shown).
We did a set of experiments to ensure that collectingStatistical analysis was performed on a Macintosh
adherent cells by scraping did not affect the flow cytome-computer (Apple Inc., Cupertino, CA, USA) equipped
try assay for quantitation of apoptosis. After removingwith commercially available program (Statview; Cricket
the nonadherent cells, apoptosis of those cells that wereSoftware Inc., Philadelphia, PA, USA). Student’s paired
still adherent on fibronectin was assessed simultaneouslyt-tests were performed to compare results between
by three different methods (N 5 2): (a) collecting thepaired groups. For multiple comparisons repeated mea-
cells by scraping followed by flow cytometry on ethanolsures analysis of variance was used (SPSS, Chicago, IL,
fixed, PI stained cells, (b) staining of adherent cells di-USA). Data are presented as mean 6 sem. Differences
rectly on the dish by Wright Giemsa, and (c) staining ofwere considered to be significant when the P value was
adherent cells directly on the dish by the fluorescent dyeless than 0.05.
DAPI. The percentage of apoptotic cells was 28.1 6
5.8% for PI staining; 35 6 11.3% for Wright-Giemsa
RESULTS staining, and 22.8 6 5.9% for DAPI staining. These re-
We first characterized the effect of TNFa on PMN sults demonstrate that collecting adherent cells by
adherence by an assay employing toluidine blue (N 5 scraping did not affect our data. We performed a DNA-
7). TNFa treatment (20 ng/ml) significantly increased fragmentation assay looking for the presence of intern-
cell adherence to fibronectin at 30 minutes from 4.2 6 ucleosomally cleaved DNA, a hallmark of apoptosis, as
1.3% to 52.0 6 4.2%, at 60 minutes from 4.8 6 2.8% to shown in Figure 1. Apoptosis, as indicated by DNA
56.3 6 2.8%, and at 120 minutes from 6.5 6 4.2% to “ladders,” was observed in TNFa-treated PMNs cultured
24.5 6 6.5%. Also, adherence to poly-l-lysine was sig- eight hours on PolyHema and fibronectin, whereas no
nificantly accelerated when PMNs were challenged with such low-molecular DNA fragments were detected in
TNFa at 30 minutes from 29.9 6 2.8% to 58.5 6 8.4% untreated controls.
and at 60 minutes from 21.8 6 4.2% to 56.3 6 9.8%. At Based on the results of the time course study, we
120 minutes, the effect, 23.2 6 2.8% to 29.9 6 8.4%, selected the eight-hour time point for further experi-
was no longer significant. Detachment of cells continued, ments. Figure 2 shows the results of parallel experiments
and only 9.2 6 3.2% of the cells were still adherent to comparing apoptosis of TNFa-treated PMNs at eight
fibronectin at eight hours. PMNs did not adhere to and hours on PolyHema, fibronectin, and poly-l-lysine (N 5
did not spread with PolyHema. The PolyHema results 11). A significant increase in the percentage of apoptotic
were obtained by phase contrast microscopy of unstained cells was observed on fibronectin (37 6 4%) compared
PMNs, as the toluidine blue assay interfered with the with PolyHema (20 6 3%) and to poly-l-lysine (25 6
PolyHema reagent. 3%). Also, apoptosis of TNFa-treated PMNs on poly-
After having demonstrated that TNFa promotes PMN l-lysine was significantly higher than on PolyHema.
To study whether other matrix proteins would acceler-adherence to fibronectin but not to PolyHema, we estab-
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Fig. 3. Effect of different extracellular matrix (ECM) proteins onFig. 1. Effect of fibronectin and PolyHema on DNA fragmentation of
TNFa-mediated apoptosis. PMNs of the same preparation were cul-tumor necrosis factor a (TNFa)-treated polymorphonuclear neutro-
tured on PolyHema (PH), fibronectin (FN), collagen I (Col I), collagenphils (PMNs). Cells were cultured in the absence or in the presence of
IV (Col IV), and laminin (Lam). Cells were harvested after eight hours,20 ng/ml TNFa for eight hours. No DNA fragmentation was observed
and the percentage of apoptosis was measured using flow cytometry.in freshly isolated cells (lane 1) and in untreated PMNs on PolyHema
Data are given as mean 6 sem (N 5 6). *Differences between all(lane 2) and fibronectin (lane 3). In contrast, TNFa-treated PMNs
matrices and PolyHema (P , 0.05) and between fibronectin and allshowed low molecular weight DNA fragments on PolyHema (lane 4)
other matrix proteins (P , 0.05) were significant.and on fibronectin (lane 5). Lane M represents 100 bp DNA size mark-
ers. A typical example of two separate experiments is shown.
Fig. 4. Role of genistein in TNFa-mediated apoptosis. PMNs were
added to wells coated with PolyHema, fibronectin, and poly-l-lysine
and were preincubated with genistein (50 mm) before being stimulated
with 20 ng/ml of TNFa. Apoptosis was detected after eight hours byFig. 2. Effect of PolyHema, fibronectin, and poly-l-lysine on apoptosis flow cytometry. Results are expressed as mean 6 sem (N 5 8). Significantof TNFa-treated PMNs. Cells were treated with 20 ng/ml of TNFa for inhibition by genistein was found in TNFa-treated cells on fibronectineight hours. Apoptosis was detected using flow cytometry, and data are (h), and poly-l-lysine ( ), but not on PolyHema (j).depicted as mean 6 sem (N 5 11). Significant acceleration of apoptosis
was found in PMNs cultured on immobilized fibronectin (FN) when
compared with PolyHema (PH) and with poly-l-lysine (P , 0.01). Also,
PMN apoptosis on poly-l-lysine was significantly increased compared
with PMN apoptosis with PolyHema (P , 0.01). To determine the involvement of tyrosine phosphory-
lation in TNFa-mediated PMN apoptosis, the effect of
genistein was studied in eight independent experiments,
as shown in Figure 4. The results demonstrated thatate TNFa-mediated neutrophil apoptosis, we cultured
genistein (50 mm) strongly inhibited TNFa-mediatedcells of the same preparation for eight hours with Poly-
apoptosis on fibronectin (39 6 4% to 21 6 4%; P ,Hema, fibronectin, collagen type I and IV, and on lami-
0.0001) and on poly-l-lysine (28 6 4% to 21 6 4%;nin in parallel, as shown in Figure 3. The results demon-
P , 0.05), whereas no significant inhibition occurred onstrate a significant effect of all matrix substances
PolyHema (20 6 4% to 16 6 4%). Interestingly, whencompared with PolyHema (N 5 6). The percentage of
TNFa-treated PMNs on both adhesive surfaces wereapoptotic PMNs increased from 8 6 1% on PolyHema
preincubated with genistein, apoptosis was decreased toto 26 6 4% on fibronectin, to 17 6 2% on collagen I,
a level that was seen in nonadherent TNFa-stimulatedto 16 6 2% on collagen IV, and to 17 6 3% on laminin.
PMNs on PolyHema.The increased apoptosis on fibronectin was significantly
higher than on all other matrices (P , 0.05). To study potential signal transduction mechanisms
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Fig. 5. Effect of serine/threonine kinase in-
hibitors on apoptosis of TNFa-treated PMNs
(20 ng/ml) on fibronectin using flow cytom-
etry. PMNs were preincubated with MAP-
kinase inhibitors SB 202190 and PD 98059
(10 nm to 1 mm) or with calphostin and stauro-
sporin (10 nm) to inhibit PKC. Results are
means 6 sem (N 5 4 for SB 202190 and N 5
3 for all other experiments).
further, we tested the effect of the MAP-kinase inhibitors cal analysis (z-axis) of the fibronectin-adhered cells also
showed an increase in tyrosine phosphorylation at theSB 202190 and PD 98059 (10 nm to 1 mm), as well as the
effect of the PKC inhibitors calphostin and staurosporin cell borders and in the cytoplasm (Fig. 7E).
(10 nm). At these concentrations, neither of these inhibi- During our experiments, we observed an inhibitory
tors affected TNFa-mediated neutrophil apoptosis on effect of genistein on cell spreading. In a final set of
fibronectin, as shown in Figure 5. experiments, we further investigated this issue. We stud-
Because genistein inhibited TNFa-mediated apoptosis ied the effect of TNFa and the effect of genistein pre-
on fibronectin, we studied tyrosine phosphorylation in treatment on spreading of PMNs cultured on fibronectin
more detail. We used PMN lysates of cells that were and on poly-l-lysine in parallel (N 5 7). Cell spreading
cultured in the absence or in the presence of TNFa, on was observed only when cells were treated with TNFa
either PolyHema or on fibronectin. We performed SDS- (20 ng/ml), and the percentage of spread cells was higher
polyacrylamide gel and Western blotting with an anti- on fibronectin than on poly-l-lysine (at 30 min, 51% to
phosphotyrosine antibody, as shown in Figure 6. Cells 17%, P , 0.05; 60 min, 77% to 27%, P , 0.05; and 120
were incubated for 15, 30, or 60 minutes, respectively. min, 29% to 14%, NS). In contrast, when PMNs were
At 15 minutes, no significant difference was observed, preincubated with 50 mm genistein prior to the treatment
whereas after 30 minutes, an increased tyrosine phos- with TNFa, cell spreading on either fibronectin or poly-
phorylation of a protein band with a molecular weight l-lysine was decreased to less than 3% at all three time
of 95 and 54 kDa was observed in TNFa-treated cells points. In addition, genistein also decreased cell adhesion
on fibronectin. The phosphorylation of these proteins on fibronectin (85.7% at 30 min, P , 0.05; 52.4% at 60
increased further at 60 minutes, together with proteins min, P , 0.001; 47.6% at 120 min, P , 0.01) and on
at 102, 89, 63, and 51 kDa. Interestingly, a number of poly-l-lysine (90.0% at 30 min, P , 0.05; 74.6% at 60
newly phosphorylated proteins were observed with an min, P , 0.001; 86.3% at 120 min, NS).
apparent molecular weight of 185, 85, 66, 56, and 42 kDa.
We then used confocal microscopy to confirm the fi-
DISCUSSIONbronectin-induced tyrosine phosphorylation in PMNs
and to localize phosphorylated proteins. Tyrosine phos- We observed that the interaction between PMN and
ECM proteins in the presence of the proinflammatoryphorylation was assessed in immunostained PMNs on
fibronectin or with PolyHema. As shown in the panels cytokine TNFa results in accelerated apoptosis, whereas
constitutive apoptosis was not affected. Studies on signalof Figure 7, we observed a marked increase in tyrosine
phosphorylation at 60 minutes when TNFa-treated transduction pathways revealed that accelerated apopto-
sis in TNFa-treated PMNs was diminished by inhibitingPMNs were cultured on fibronectin compared with cul-
tures with PolyHema (Fig. 7, A compared with B, as tyrosine phosphorylation, whereas no significant effect
was seen on a surface that prevented cell adhesion. Byquantitated in C). PMN adherence to fibronectin was
associated with a change in cell shape (Fig. 7D). The Western blot analysis, we observed increased tyrosine
phosphorylation of discrete bands and the appearanceincreased tyrosine phosphorylation was localized to cel-
lular processes mediating cell-matrix contact. The verti- of newly phosphorylated proteins only in TNFa-treated
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Fig. 6. Detection of tyrosine phosphoryla-
tion by Western blotting. PMNs were cultured
on fibronectin or on PolyHema and either
stimulated with 40 ng/ml of TNFa or left un-
treated. Samples were harvested after 15 min-
utes, 30 minutes, and 60 minutes 50 mg of
protein/lane were electrophoresed, blotted
onto a membrane, and probed using the
monoclonal antibody PY20. Tyrosine phos-
phorylation was only up-regulated in TNFa-
treated PMNs on fibronectin. Tyrosine phos-
phorylation was increased in protein bands of
approximately 102, 95, 89, 63, 54, and 51 kDa.
New phosphorylated protein bands were visi-
ble at approximately 185, 85, 66, 56, and 42
kDa. A typical example of three separate ex-
periments is shown.
PMNs on fibronectin. Confocal microscopy demon- Binding to ECM promotes epithelial and endothelial
cell survival [28, 29]. The loss of contact with the underly-strated high tyrosine phosphorylation in focal adhesion
sites and in the cytoplasm of TNFa-treated PMNs on ing matrix, termed anoikis, results in cell apoptosis.
Integrins are involved in this anchorage-dependent cellfibronectin.
Approximately 1011 PMNs are released from the bone survival [30, 31]. However, PMNs arrive either as a pool
of nonadherent cells when circulating in the blood streammarrow daily [22]. Acute tissue inflammation, including
glomerulonephritis, results in recruitment and local acti- or interact with the endothelial interface and ECM when
migrating into tissue. Our understanding of how thesevation of PMNs. To accumulate at the inflamed site,
PMNs transmigrate through the endothelial interface different conditions affect PMN apoptosis is largely in-
complete. Very recent studies demonstrated that PMNinto tissue interacting with ECM substances in the pres-
ence of inflammatory mediators, including cytokines. apoptosis is modulated by adhesion to endothelial cells
[32], by transendothelial transmigration [33], and byPMN responses, such as respiratory burst, degranulation,
and phagocytosis, are adhesion dependent [4, 5, 7, 8, platelets [34]. A role for integrins and selectins has been
suggested under some conditions [35, 36]. However, the23]. However, tissue inflammation is usually self-limiting.
Studies have indicated that PMNs undergo apoptosis significance of ECM for neutrophil survival is less clear.
Our data indicate that apoptosis is accelerated in PMNsat inflammatory sites in vivo and that this mechanism
participates in the resolution of inflammation [10, 24]. interacting with ECM in the presence of the proinflam-
matory cytokine TNFa. This finding contrasts with theApoptotic PMNs have a decreased biological response
in vitro [13, 25, 26] and are recognized by macrophages, delay of apoptosis seen when unstimulated endothelial
cells bind to ECM. Apoptosis acceleration was observedeven without neutrophil disintegration or macrophage
activation [24]. PMN apoptosis is relevant to consecutive only when the cells interacted with immobilized matrix
protein because the addition of soluble fibronectin tocell clearance in vivo, as shown in various diseases, such
as pulmonary inflammation, rheumatoid arthritis, and cells in suspension had no effect. Spontaneous apoptosis
was not affected during the observation period.glomerulonephritis [1, 27].
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Fig. 7. Confocal microscopy of tyrosine phosphorylation in TNFa-treated PMNs with PolyHema (A) and on fibronectin (B). A strong up-
regulation of phosphotyrosine was detected in TNFa-treated PMNs on fibronectin (B). Semiquantitative analysis is shown in (C). Note that cells
on fibronectin were well spread with increased tyrosine phosphorylation at sites of cell–matrix contact and in the cytosol (D, horizontal section).
In (E), a vertical analysis (z-axis) of a fibronectin-adhered cell also showed an increase in tyrosine phosphorylation at the cell borders and in the
cytoplasm (E). The 60-minute time point of a representative example from three experiments is shown.
The signal transduction of PMN apoptosis is largely shown to be a key element in TNFa-induced apoptosis
in COS cells [41]. In fact, also PMNs stimulated withunknown. A critical role for PKC [37] and protein tyro-
sine phosphorylation [38, 39] was demonstrated by the TNFa activate p38 and p42 MAP kinase [42, 43]. Our
data indicate the importance of tyrosine phosphorylationinhibition of PMN apoptosis by granulocyte-macrophage
colony-stimulating factor. Furthermore, PMN apoptosis for the fibronectin-mediated acceleration of apoptosis in
TNFa-treated PMNs. Neither the PKC nor the MAPinduced by ligation of Fas was suppressed by tyrosine
kinase inhibitors [40]. The MAP kinase cascade was kinase pathway seemed to play a role in this condition.
Kettritz et al: ECM regulates apoptosis570
However, we performed no specific experiments to dem- REFERENCES
onstrate for certainty that the concentrations we em- 1. Hughes J, Johnson RJ, Mooney A, Hugo C, Gordon K, Savill
ployed inhibit these enzymes. We showed that accelera- J: Neutrophil fate in experimental glomerular capillary injury in
the rat: Emigration exceeds in situ clearance by apoptosis. Am Jtion of apoptosis on ECM was associated with increased
Pathol 150:223–234, 1997tyrosine phosphorylation of several proteins and with 2. Johnson RJ, Alpers CE, Pruchno C, Schulze M, Baker PJ,
the appearance of newly tyrosine phosphorylated pro- Pritzl P, Couser WG: Mechanisms and kinetics for platelet and
neutrophil localization in immune complex nephritis. Kidney Intteins. We do not know the nature of these phosphopro-
36:780–789, 1989teins. However, based on their molecular weights, several 3. Noris M, Remuzzi G: New insights into circulating cell–
assumptions can be made. Tyrosine phosphorylated pro- endothelium interactions and their significance for glomerular
pathophysiology. Am J Kidney Dis 26:541–548, 1995teins of 56 kDa and 54 kDa could represent members
4. Nathan C, Srimal S, Farber C, Sanchez E, Kabbash L, Aschof the src kinase family such as lyn and fgr. A role of A, Gailit J, Wright SD: Cytokine-induced respiratory burst of
lyn-protein tyrosine kinase in PMN apoptosis has been human neutrophils: Dependence on extracellular matrix proteins
and CD11/CD18 integrins. J Cell Biol 109:1341–1349, 1989suggested by others [39]. The 42 kDa protein could con-
5. Brown EJ, Goodwin JL: Fibronectin receptors of phagocytes:ceivably be MAP kinase. However, our negative results
Characterization of the Arg-Gly-Asp binding proteins of human
using specific inhibitors of this kinase would rule out a monocytes and polymorphonuclear leukocytes. J Exp Med
167:777–793, 1988role of MAP kinase p42 in the mediation of PMN apopto-
6. Wade BH, Mandel GL: Polymorphonuclear leukocytes: Dedi-sis under these conditions.
cated professional phagocytes. Am J Med 74:686–693, 1983
Using confocal microscopy, we found increased tyro- 7. Richter J, Ng Sikorski J, Olsson I, Andersson T: Tumor necrosis
sine phosphorylation at contact sites between adherent factor-induced degranulation in adherent human neutrophils is
dependent on CD11b/CD18-integrin-triggered oscillations of cyto-PMNs and ECM. Interestingly, in this study, acceleration
solic free Ca21. Proc Natl Acad Sci USA 87:9472–9476, 1990of apoptosis as well as cell spreading was prevented by 8. Garnotel R, Monboisse JC, Randoux A, Haye B, Borel JP:
genistein. This finding implies that cell spreading may The binding of type I collagen to lymphocyte function-associated
antigen (LFA) 1 integrin triggers the respiratory burst of humanbe one of the important factors for propagating PMN
polymorphonuclear neutrophils: Role of calcium signaling and ty-apoptosis. Cell spreading is important for several other
rosine phosphorylation of LFA 1. J Biol Chem 270:27495–27503,
neutrophil functions, including the respiratory burst, a 1995
9. Savill JS, Wyllie AH, Henson JE, Walport MJ, Henson PM,process that is regulated by protein tyrosine phosphory-
Haslet C: Macrophage phagocytosis of aging neutrophils in in-lation [44, 45]. Members of the src family kinases p59/
flammation: Programmed cell death in the neutrophil leads to its61hck and p58cfgr were shown to be important substrates recognition by macrophages. J Clin Invest 83:865–875, 1989
[45]. The role of cell spreading for the acceleration of 10. Grigg JM, Savill JS, Sarraf C, Haslett C, Silverman M: Neutro-
phil apoptosis and clearance from neonatal lungs. Lancet 338:720–PMN apoptosis on ECM is interesting. This observation
722, 1991should be diligently explored in future studies.
11. Colotta F, Re F, Polentarutti N, Sozzani S, Montovani A:
In summary, our findings indicate that the interaction Modulation of granulocyte survival and programmed cell death
by cytokines and bacterial products. Blood 80:2012–2020, 1992between PMNs and ECM results in accelerated apoptosis
12. Cox G, Gauldie J, Jordana M: Bronchial epithelial cell-derivedwhen the proinflammatory cytokine TNFa is present.
cytokines (G-CSF and GM-CSF) promote the survival of periph-
This process is controlled by tyrosine phosphorylation. eral blood neutrophils in vitro. Am J Respir Cell Mol Biol 7:507–
The increase in protein tyrosine phosphorylation in 513, 1992
13. Lee A, Whyte MKB, Haslet C: Inhibition of apoptosis and prolon-TNFa-treated PMNs on fibronectin occurs most likely
gation of neutrophil functional longevity by inflammatory media-in response to both the effect of TNFa and the effect of tors. J Leukoc Biol 54:283–288, 1993
adherence and spreading. The matrix effect may partici- 14. Girard D, Paquin R, Naccache PH, Beaulieu AD: Effects of
interleukin-13 on human neutrophil functions. J Leukoc Biolpate in the local control of inflammation when PMNs
59:412–419, 1996leave the circulation and migrate into inflamed tissue.
15. Kettritz R, Gaido ML, Haller H, Luft FC, Jennette JC, Falk
RJ: Interleukin-8 delays spontaneous and tumor necrosis factor-
ACKNOWLEDGMENT a-mediated apoptosis of human neutrophils. Kidney Int 53:84–91,
1998
Ralph Kettritz was supported by a grant-in-aid from the Deutsche 16. Kettritz R, Falk RJ, Jennette JC, Gaido ML: Neutrophil super-
Forschungsgemeinschaft. oxide release is required for spontaneous and FMLP-mediated
but not for TNF alpha-mediated apoptosis. J Am Soc NephrolReprint requests to Ralph Kettritz, M.D., Division of Nephrology,
8:1091–1100, 1997Franz Volhard Clinic, Wiltbergstrasse 50, 13122 Berlin, Germany.
17. Afford SC, Pongracz J, Stockley RA, Crocker J, Burnett D:
The induction by human interleukin-6 of apoptosis in the promono-
cytic cell line U937 and human neutrophils. J Biol Chem 267:21612–APPENDIX 21616, 1992
18. Takeda Y, Watanabe H, Yonehara S, Yamashita T, Saito S,Abbreviations used in this article are: BSA, bovine serum albumin;
Sendo F: Rapid acceleration of neutrophil apoptosis by tumorDAPI, 4,6 diamidino-2-henylindole; ECM, extracellular matrix; EDTA,
necrosis factor-a. Int Immunol 5:691–694, 1993ethylenediaminetetraacetic acid; MAP, mitogen-activating protein;
19. Ohta H, Yatomi Y, Sweeney EA, Hakomori S, Igarashi Y: AOD, optical density; PBS, phosphate-buffered saline; PI, propidium
possible role of sphingosine in induction of apoptosis by tumoriodide; PKC, protein kinase C; PMNs, polymorphonuclear neutrophils;
necrosis factor-a in human neutrophils. FEBS Lett 355:267–270,PolyHema, poly-hydroxyl-ethyl-meth-acrylate; SDS, sodium dodecyl
sulfate; TNFa, tumor necrosis factor-a. 1994
Kettritz et al: ECM regulates apoptosis 571
20. Folkman J, Moscona A: Role of cell shape in growth control. Geffner JR: Inhibition of human neutrophil apoptosis by platelets.
J Immunol 158:3372–3377, 1997Nature 273:345–349, 1978
21. Haller H, Kunzendorf U, Sacherer K, Lindschau C, Walz G, 35. Coxon A, Rieu P, Barkalow FJ, Askari S, Sharpe AH, Von
Andrian UH, Arnaout MA, Mayadas TN: A novel role for theDistler A, Luft FC: T cell adhesion to P-selectin induces tyrosine
phosphorylation of pp 125 focal adhesion kinase and other sub- beta 2 integrin CD11b/CD18 in neutrophil apoptosis: A homeo-
static mechanism in inflammation. Immunity 5:653–666, 1996strates. J Immunol 158:1061–1067, 1997
22. Athens JW, Haab OP, Raab SO, Maurer AM, Ashenbrucker 36. Matsuba KT, Van Eeden SF, Bicknell SG, Walker BA, Hayashi
S, Hogg JC: Apoptosis in circulating PMN: Increased susceptibilityH, Cartwright GE, Wintrobe MM: Leukokinetic studies. IV. The
total blood, circulating and marginal granulocyte pools and the in L-selectin-deficient PMN. Am J Physiol 272:H2852–H2858, 1997
37. Adachi S, Kubota M, Matsubara K, Wakazono Y, Hirota H,granulocyte turnover rate in normal subjects. J Clin Invest 40:989–
995, 1961 Kuwakado K, Akiyama Y, Mikawa H: Role of protein kinase C
in neutrophil survival enhanced by granulocyte colony-stimulating23. Shappell SB, Toman C, Anderson DC, Taylor AA, Entman ML,
Smith CW: Mac-1 (CD11b/CD18) mediates adherence-dependent factor. Exp Hematol 21:1709–1713, 1993
38. Yousefi S, Green DR, Blaser K, Simon HU: Protein-tyrosinehydrogen peroxide production by human and canine neutrophils.
J Immunol 144:2702–2711, 1990 phosphorylation regulates apoptosis in human eosinophils and neu-
trophils. Proc Natl Acad Sci USA 91:10868–10872, 199424. Savill J, Dransfield I, Hogg N, Haslett C: Vitronectin receptor-
mediated phagocytosis of cells undergoing apoptosis. Nature 39. Wei S, Liu JH, Epling Burnette PK, Gamero AM, Ussery D,
Pearson EW, Elkabani ME, Diaz JI, Djeu JY: Critical role of343:170–173, 1990
25. Dransfield I, Stocks SC, Haslett C: Regulation of cell adhesion Lyn kinase in inhibition of neutrophil apoptosis by granulocyte-
macrophage colony-stimulating factor. J Immunol 157:5155–5162,molecule expression and function associated with neutrophil apo-
ptosis. Blood 85:3264–3273, 1995 1996
40. Liles W, Kiener P, Ledbetter J, Aruffo A, Klebanoff S: Differ-26. Whyte MK, Meagher LC, MacDermot J, Haslett C: Impairment
of function in aging neutrophils is associated with apoptosis. J ential expression of Fas (CD95) and Fas ligand on normal human
phagocytes: Implications for the regulation of apoptosis in neutro-Immunol 150:5124–5134, 1993
27. Savill J, Smith J, Sarraf C, Ren Y, Abbott F, Rees A: Glomerular phils. J Exp Med 184:429–440, 1996
41. Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchimesangial cells and inflammatory macrophages ingest neutrophils
undergoing apoptosis. Kidney Int 42:924–936, 1992 T, Takagi M, Matsumoto K, Miyazono K, Gotoh Y: Induction
of apoptosis by ASK1, a mammalian MAPKKK that activates28. Frisch SM, Francis H: Disruption of epithelial cell–matrix interac-
tions induces apoptosis. J Cell Biol 124:619–626, 1994 SAPK/JNK and p38 signaling pathways. Science 275:90–94, 1997
42. Waterman WH, Molski TF, Huang CK, Adams JL, Sha’Afi29. Meredith JE Jr, Fazeli B, Schwartz MA: The extracellular ma-
trix as a cell survival factor. Mol Biol Cell 4:953–961, 1993 RI: Tumour necrosis factor-alpha-induced phosphorylation and
activation of cytosolic phospholipase A2 are abrogated by an inhib-30. Ruoslahti E, Obrink B: Common principles in cell adhesion. Exp
Cell Res 227:1–11, 1996 itor of the p38 mitogen-activated protein kinase cascade in human
neutrophils. Biochem J 319:17–20, 199631. Ruoslahti E, Reed JC: Anchorage dependence, integrins, and
apoptosis. Cell 77:477–478, 1994 43. Rafiee P, Lee JK, Leung CC, Raffin TA: TNF-alpha induces
tyrosine phosphorylation of mitogen-activated protein kinase in32. Ginis I, Faller DV: Protection from apoptosis in human neutro-
phils is determined by the surface of adhesion. Am J Physiol adherent human neutrophils. J Immunol 154:4785–4792, 1995
44. Fuortes M, Jin WW, Nathan C: Adhesion-dependent protein272:C295–C309, 1997
33. Watson RW, Rotstein OD, Nathens AB, Parodo J, Marshall tyrosine phosphorylation in neutrophils treated with tumor necro-
sis factor. J Cell Biol 120:777–784, 1993JC: Neutrophil apoptosis is modulated by endothelial transmigra-
tion and adhesion molecule engagement. J Immunol 158:945–953, 45. Lowell CA, Fumagalli L, Berton G: Deficiency of Src family
kinases p59/61hck and p58c-fgr results in defective adhesion-1997
34. Andonegui G, Trevani AS, Lopez DH, Raiden S, Giordano M, dependent neutrophil functions. J Cell Biol 133:895–910, 1996
